Oligodendrocytes in the central nervous system can be categorized as precursors, myelinforming, and non-myelinating perineuronal cells. The function of perineuronal oligodendrocytes is unknown; it was proposed that following injury, they may remyelinate denuded axons. We investigated these cells' potential. A combination of cell-specific tags, microarray technology and bioinformatics tools to identify gene expression differences between these subpopulations allowed us to capture the genetic signature of perineuronal oligodendrocytes. Here we report that perineuronal oligodendrocytes are configured for a dual role. As cells that embrace neuronal somata, they integrate a repertoire of transcripts designed to create their own code for communicating with neurons. But they maintain a reservoir of untranslated transcripts encoding the major myelin proteins for -we speculate -a demyelinating episode. We posit that the signature molecules, PDGFR-αβ, cytokine PDGF-CC, and transcription factor Pea3, usedamong others -to define the non-myelinating phenotype, may be critical for mounting a myelinating programme during demyelination. Harnessing this capability is of therapeutic value for diseases such as multiple sclerosis. This is the first molecular characterization of an elusive neural cell.
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To investigate the concept that a non-myelinating OLG has the capacity to transform into a myelinating cell, we examined its gene expression profile. We chose perineuronal OLGs (pNOLGs) as representatives of non-myelinating cells because they are not normally connected to myelin but may have the potential to remyelinate denuded axons 12 . We had access to a polyclonal antibody (OTMP) that recognizes these cells. What is known about perineuronal
OLGs? The morphology and ultrastructure of pN-OLGs are well defined. The interaction of pN-OLGs with neuronal somata is varied and complex 13, 14 . In the simplest case of a one to one association, the pN-OLG indents a neuronal soma and embraces it with its processes. The issue of function remains a tabula rasa. It is generally assumed that pN-OLGs express myelin genes and proteins, but experimental evidence is still lacking. Nevertheless, if Ludwin's 12 report were to be confirmed, it would indicate that pN-OLGs possess a latent myelinating machinery that can be activated in a regenerating environment but is blocked during development. This is reminiscent of satellite Schwann cells that can remyelinate but are normally suppressed from ensheathing a "virgin" axon 15 .
If, indeed, pN-OLGs constitute a reserve pool ready to undertake repair, enhancing their performance could be of help in demyelinating conditions. Harnessing this potential could have therapeutic applications for diseases such as multiple sclerosis. But to achieve this, we must have a good understanding of the genes and proteins expressed by pN-OLGs. We have undertaken to fill this void by examining the gene expression profile of these cells -marked by Notably, we observed a high level expression of the transcription regulator, Pea3, not previously recognized as a player within the OLG lineage. Ordinarily, pN-OLGs communicate with neuronal somata by a mechanism that remains to be elucidated. However, these cells harbour the capability of mounting a myelinating program should circumstances require it. To the best of our knowledge, this is the first molecular characterization of pN-OLGs. This research should open up new avenues for examining the function of these cells in health and disease.
The polyclonal antibody OTMP highlights perineuronal oligodendrocytes
In vitro, the immuno-purified polyclonal OTMP Ab co-localizes with mAb A 2 B 5 on the surface of cultured live rat OLG progenitors but does not stain mature OLGs (Fig. S1 ). On rat brain tissue, this Ab singles out pN-OLGs in their varied morphological manifestations ( Fig. 1A-C ). This is not only the case for murine but also for human cells (Fig. 1D ) and, presumably, other species (not tested). The Ab does not recognize neurons ( Fig. 1D ), although less frequently than OLGs 13, 14 , the selective identification of pN-OLGs by the OTMP Ab makes it an invaluable tool for not only unambiguously distinguishing these cells but, more importantly, for actually defining their phenotype.
OTMP + perineuronal cells are of OLG lineage but do not synthesize the major myelin/OLG proteins
It is generally assumed, but never proven, that pN-OLGs express myelin proteins. We tested this assumption by in situ double labelling these cells with OTMP and Abs that mark progenitors 5 and mature OLGs. To investigate the lineage of pN-OLGs, we labelled the cortex of a 7-day-old CNP/EGFP transgenic mouse with anti-GFP/OTMP. Because EGFP is driven by the CNP promoter (an OLG protein), the co-localization of the Abs ( Fig. 2A-C ) identified pN-OLGs as originating from OLP. This was substantiated by the finding of transcripts for all the major myelin proteins in these cells (Table 1) . We then asked: are these transcripts translated? Myelin basic protein (MBP) is the most widely used and best characterized of the OLG/myelin proteins.
MBP was not detected immunohistochemically in pN-OLGs at P14 (Fig. 2D-F S1 ). Fluorescence-activated cell sorting (FACS) of this subpopulation revealed heterogeneity in the intensity of staining within both the single labelled as well as the double labelled cells (Fig. 3) . Indeed, the A 2 B 5 + /OTMP + population can be subdivided into three distinct subgroups that differ in the relative intensity of the two markers. Quantitatively, there were no 6 appreciable changes in the dispersion of these groups between P7 and P14. This suggests that differences in the stage of development are not responsible for the observed heterogeneity.
However, because the cells were derived from whole brain preparations, variation in regional compartments could account for cell diversity.
To assess this possibility, we dissected the CNS tissue into spinal cord, brain stem, basal ganglia, corpus callosum, and cortex at P0, P7 and P14 and repeated the experiments outlined above. Heterogeneity was still seen in every compartment examined ( Fig. S2A-C 23 . In specific motor neuron pools, Pea3 controls central position and terminal arborisation -a crucial step in the assembly of neuronal circuits 24 . It was shown that the glial cell-derived neurotrophic factor (GDNF) from target cells induces transcription of Pea3 in neurons 25 . Pea3 was also reported to be necessary for epidermal growth factor receptor (EGFR)-stimulated expression of metalloproteinases 26 . We observed a 52-fold increase in Pea3 transcripts in the non-myelinating which is expressed in peripheral satellite glia but not in myelinating Schwann cells 15 . The fact that members of the same family of TFs are used to demarcate the two phenotypes in both the CNS and PNS suggests that a common (or similar) mechanism underlies their segregation.
Deciphering the function of these TFs is a goal for future research. and Frizzled (for Wnt), they require at least one essential co-receptor -LRP -a member of the low density lipoprotein receptor-related family and heparan sulfate proteoglycans (HSPGs) for transport and signal transduction. There is a large body of experimental evidence demonstrating the vital importance of these signalling molecules in specifying oligodendrogenesis [27] [28] [29] [30] [31] 10 , but the full range of their action has yet to be unravelled. However, the core molecular players have been identified. We used this knowledge to assess whether these morphogens have any part in specifying the A 2 B 5 + /OTMP + cell. We found a >7-and >9-fold augmentation, respectively, of in a direct cell to cell contact as exemplified in Fig. 1A as well as through cellular processes as are seen in Fig. 1B . Other molecules may then modulate and strengthen these interactions.
Signalling pathways that may be determinants in specifying the
As illustrated in Fig. 1 , the pN-OLG either abuts a neuronal soma or contacts it through its processes. Hence, it was relevant to investigate signalling pathways that are transduced by direct cell to cell contact. The Notch and the Eph/ephrin pair act in this manner. In the fly, Notch inhibits differentiation by lateral signalling and controls cell fate by inductive interactions 37 . In vertebrates, it may additionally diversify progenitor populations 38 . The network shown in interplay that differs from their behaviour in, e.g., OLGs (Fig. 4D) . Second, we observed the (>13-fold) upregulation of hes5 (Fig. 5C ), a Notch target and an inhibitor of myelin gene expression 40 . Finally, Fig. 5C signalling. That the latter may be of physiological significance for these cells can be surmised from both the expression of the G-coupled CXCR4 receptor and its ligand SDF-1 (Fig. 5D ) and from evidence of their participation together with ephrin-B in controlling migration in other cell types (e.g., granule cells) 44, 45 . One attractive feature of the Eph/ephrin signalling is that it fosters cell to cell attachment and detachment. The action is not strictly reversible as cell separation requires endocytosis or proteolysis. Nevertheless, it does provide flexibility for cells to engage or disengage when circumstances demand it. As argued below, we speculate that pN-OLGs may avail themselves of this prerogative in specific circumstances. (Figs. 6A-D) . with other signalling pathways, e.g., Shh, as its co-receptor LRP1 appears to be interacting with several components. The complex cross-talk between the ECM and the cell can be further appreciated in Fig. 6D , where we see apolipoprotein E and α2-macroglobulin, both secreted by the A 2 B 5 + /OTMP + cell, as having a direct impact on LRP1. Another highly expressed (> 7-fold) secretory product, spondin, modulates Wnt by inhibiting its co-receptor, LRP5/6 49 .
Discussion
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In this work we sought to obtain the genetic signature of pN-OLGs by tabulating only those genes that differed significantly (> 2-fold) from either the A 2 B 5 + OLP or the O 4 + OLG. The outcome revealed an OLG lineage cell with a novel phenotype (Figs. 4B-D) . By adopting the PDGFR-αβ and its high affinity ligand, PDGF-CC (Fig. 5A) , the A2B5 + /OTMP + cell has effectively demarcated a boundary between itself and the other members of its lineage. But the most notorious feature of this phenotype is that it has amalgamated genes pertaining to Schwann cell lineages. To begin with, the usage of the Ets domain transcription regulator, Pea3, presumably to establish and/or control the phenotype per se, mimics satellite Schwann cells 15 .
Likewise, the secretion of fibrous collagens, nidogen ( Our finding that pN-OLGs belong to the OLG lineage raises the question of lineage progression. This is particularly so because the embryonic and early postnatal A 2 B 5 + cell is highly heterogeneous (Fig. 3) and generates a varied progeny 52, 53 . The work here pertains to a P7 A long-standing issue has been defining the function of pN-OLGs. It has been reported that, after injury, pN-OLGs protect themselves and neurons from apoptosis by upregulating L-PGDS 55 . But here we have identified a physiological high level of L-PGDS (Inset Fig. 5C ). The question is, to what end? L-PGDS has a restricted distribution and a dual function 56 . As an enzyme, it catalyzes the conversion of prostaglandin H2 to D2; but as a lipocalin, it is a transporter of hydrophobic molecules. In brain cell lines, L-PDGS is activated by protein kinase C through a mechanism of de-repression of Notch-Hes signalling 57 . While not denying that L-PGDS may be important to the physiology of the pN-OLGs, more research is required to define its impact on pN-OLG function. The work by Yamazaki et al. 58 showing a bidirectional interaction between perineuronal astrocytes and neurons in the CA1 region of the rat hippocampus raises the intriguing possibility that pN-OLGs may engage in a related activity.
Indeed, synaptic signalling between GABAergic interneurons and OLP has been reported by Lin and Bergles 59 . However, their description of the cell as having a round soma with no visible processes does not correspond to the morphology of pN-OLGs. Nonetheless, it is of interest that pN-OLGs express GABA receptors (Fig. 5B) . Undoubtedly, this is a research venue worth pursuing.
It has been proposed that pN-OLGs can partake in remyelination 60 . Our results indicate that they have the molecular armamentarium to respond to a demyelinating eventuality. They retain the capacity for migration and proliferation; they have receptors, signalling and ECM molecules they would need but, most importantly, they carry transcripts for all the major myelin proteins ( Cell preparation and sorting. Cell preparation and isolation was performed as previously described 16 .
Fluorescence-Labeled Cell Sorting (FACS) of Rat Oligodendrocytes. Whole brains were
dissected from P7 and P14 rats, and the cerebellum and meninges were removed. The brains were kept in 4˚C wash buffer (Hanks buffer pH 7.4, 20mM Hepes, 50μg/ml gentamicin, and 0.1% bovine serum albumin). Labeled cell suspensions were prepared with papain digestion and analyzed using a FACSTAR + flow cytometer (Becton Dickinson, Mountain View, CA). Three independent experiments were performed on P7 animals and 2 independent experiments on P14
animals. Experimental details are given in Supplementary Information.
Microarray.
Total RNA was extracted using the RNeasy micro kit (Qiagen. Valencia, CA). The quality of total RNA was assessed using Agilent's Bioanalyzer microchip (Palo Alto, CA). 100 ng of total RNA was amplified following Affymetrix's small sample labeling protocol (vII). The protocol contains two rounds of reverse transcription and in vitro transcription with the biotin label being incorporated during the second round of in vitro transcription. The raw data will be deposited in the Gene Expression Omnibus accessible at http://www.ncbi.nlm.nih.gov/geo/ Pathway and network analyses were performed with KEGG 62 and Ingenuity (Redwood City, CA).
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Figure Legends Images were acquired using a cooled digital camera controlled by Analysis Lab Digital imaging software. The contrast and brightness of the digitally acquired images were adjusted with Adobe Photoshop 5.5.
Cell preparation and sorting. We followed the protocol described by Nielsen, et al. 16 Briefly, whole brains were dissected from postnatal day 7 Sprague-Dawley rats, and the cerebellum and meninges were removed in 4˚C Hank's Balanced Salt Solution. Brains were dissociated using gentle trituration, followed by a 10 min papain and a 10 min DNase I digestion. A 15%-40% 
